Introduction
The meteorology of the planet Mars is probably, after that of Earth, the one which has been most studied and is best understood. This is due, first, to the large number of observations acquired in the seven-ity) with emphasis on their impact on the atmospheric mass budget and on the meteorological contribution to the annual pressure cycle. Similar studies have already been performed by several authors. Paige [1993] performed a more complete study, since they included in their energy budget model the effect of dynamics (heat transport and meteorological contribution to the pressure variations) using the results of off-line simulations performed with the NASA/Ames GCM on a series of selected short periods. The present work is new in that the sensitivity experiments described here have been performed with a self-consistent GCM allowing for complex feedback between dynamics and diabatic processes.
We try here to answer the following questions: (1)
What is the uncertainty in the model resulting from the uncertainties in model parameters or parameterizations? (2) Can the model parameters be constrained from the available observations (and especially from the Viking surface pressure measurements)? (3) What information can be derived from the GCM on the polar processes which dominate the mass cycle?
To that end, we propose simple diagnostics for the Viking pressure measurements, well adapted to the validation of GCMs and to the study of the annual pressure cycle. Those diagnostics are the subject of section 2. We then give in section 3 a brief description of the atmospheric model (already described in paper 1) and present i•n section 4 a 5-year simulation used afterward as control for the sensitivity experiments. In section 5 we test the uncertainties related to the most uncertain model parameters and, in section 6, we study the impact of the variations of the dust amount in the atmosphere. We take advantage of the high sensitivity of the atmospheric mass budget to the CO2 ice radiative properties (visible albedo and thermal emissivity) to derive an automatic best fit procedure to the Viking pressure. This procedure and the best fit results are presented in section 7.
Analysis of the Viking Surface Pressure Measurements
The records of the surface pressure, acquired over almost 2 Martian years by the Viking 2 lander, and over more than 3 years by the Viking i lander [Tillman and Guest, 1987] , have been widely used for studies of the Martian transient planetary waves [Tillman, 1988; Barnes, 1980 Barnes, , 1981 The values of the amplitude and phase lag of the first eight harmonics are given in Table 1 As illustrated in Figure 2 and Table 1 , harmonic 2 really corresponds to the seasonal cycle with two minima during the two winters, lagging the solstices by about 66 ø . The minimum of insolation on one hemisphere at winter solstice corresponds to the maximum condensation rate, the maximum mass of the corresponding cap occurring much later. Harmonic i reflects the asymmetry between both winters: mainly forced by orbital eccentricity, it can also be affected by hemispheric asymmetries in orography, in the dust content, and in cloud However, as first pointed out by Talagrand et al.
[1991], and studied in greater details in paper 1 and by Pollack et al. [1993] , the seasonal evolution of the surface pressure at a particular point of the planet can differ significantly, under the effect of latitudinal mass redistribution, from the evolution of the mean surface pressure Patre-It is convenient to introduce here the ratio a of the local pressure to the mean atmospheric surface pressure. This ratio will be called the "meteorological factor" hereafter. As shown in paper 1, can be used for model validation. Figure 3 shows the relative meteorological factor as computed from the eight-harmonic fits to the Viking i and Viking 2 data.
The maximum of the curve near northern winter solstice can be explained by the very cold temperatures which strongly enhance the pressure in the lowest Viking 2 site. This effect is partly compensated by the presence of the strong winter jet which should correspond by geostrophic balance to a northward decreasing pressure. As explained in paper 1, the disappearance of the nearsurface westerlies during the great 1977-B dust storm (Ls ~ 280) was responsible for a sudden increase of the surface pressure recorded by the Viking 2 lander. It is noteworthy that models must be used in addition to observations of the surface pressure in order to deduce the evolution of the atmospheric mass which requires the knowledge of the absolute meteorological factor. The relative factor c•VL2/1 can only help for the model validation.
Transient Eddies
Another important feature of the observed pressure variations is the presence of short-period fluctuations linked to transient planetary waves. Without going into a complete study of these transient waves, which would require the use of more sophisticated analysis techniques, we can easily determine the seasonal evolution of the amplitude of the transient oscillations by retaining the running quadratic mean, erN, over N con-secutive data, of the difference between the pressure observation for a given sol and the corresponding value computed from the eight-harmonic reference pressure cycle. In order that the seasonal amplitude of the transient waves, but nothing else, be retained in the running mean, the value of N must be significantly larger than the period of the transient waves, and significantly smaller than the length of seasons. As already stated, the analysis is based on diurnally averaged data and thus the transient eddies do not account for the thermal tides.
In Figure 4 we show the time evolution of •25 (thick solid curve) and •r50 (dotted curve), which appear to be very similar. For diagnostics, we will retain the eightharmonic fit to •50 (thin solid line).
Transient eddies occur from northern autumn equinox to early northern spring. The amplitude of the perturbations at the Viking 2 site is about twice that at Viking 1 and shows a two-peak structure with a relative minimum at northern winter solstice.
Model

General Description
The LMD Martian GCM has been described in paper 1. The dynamical part is based on a finite difference formulation of the "primitive equations" of meteorology developed for the Terrestrial GCM of LMD [Sadourny and Laval, 1984] . We use a more recent formulation (developed by R. Sadourny and P. Le Van momentum is also mixed in the unstable layer, the intensity of the mixing depending on the intensity of the vertical instability; (4) the temperature of the surface is computed using an 11-level model of thermal conduction in the soil which correctly simulates the response for oscillatory forcing with periods going from a tenth of day up to a few years; (5) condensation and sublimation of carbon dioxide are computed in a simple energy and mass conserving manner. If somewhere in the atmosphere, the temperature falls below the condensation temperature TCO•. , condensation occurs in an amount appropriate to restore TCO•. by latent heat release. All the condensed CO2 is assumed to precipitate instantly to the ground, the surface pressure being consequently modified. At the surface, the temperature of the frost is kept at the condensation value either by condensing atmospheric CO2 or by sublimating CO2 ice.
The approximation for the pressure-vapor curve used in paper 1 is replaced by a more accurate relationship based on the Clausius-Clapeyron relation for perfect gas. Assuming that the latent heat of sublimation L is independent of temperature, the vapor pressure curve As in paper 1, we use two different horizontal resolutions in the present study: a low horizontal resolution based on a grid with 24 points in latitude and 32 points in longitude and a high resolution with 48 points in latitude and 64 points in longitude. In the vertical, the atmosphere is discretized using 15 a-levels (a is the pressure normalized by its surface value er = pips), the distribution of which is given in paper 1. The middle of the first layer is located at about 40 m above the surface and the 15th at about 60 km (the pressure is zero at the top of this layer). As pointed out in paper 1, even a coarse horizontal resolution (the low resolution) is sufficient to reproduce, at least qualitatively, the main features of the available observations of the Martian atmospheric circulation. The low resolution was generally retained for sensitivity studies.
Surface Conditions
In addition to the model parameters, three maps are introduced for the surface conditions: orography, visible albedo, and thermal inertia. These maps correspond to the consortium data set, completed by more recent estimation of the surface thermal inertia and albedo in the polar regions Paige and Keegan, 1991] , which were provided to us by J. B. Pollack.
The Control Simulation
Description
In the present section, we describe a first simulation, which is afterward used as a reference for the sensitivity study. In this "control simulation," the dust visible optical depth is a constant over time and space. Its value is set to 0.2, which corresponds to typical clearsky conditions [Martin, 1986] As mentioned in paper 1, the interaction between explicitly resolved and unresolved motions is parameterized using an iterated Laplacian acting on the potential temperature and wind components. The operator depends upon one time constant, rdiss, which corresponds to the time of dissipation of the smallest resolved scales. The Laplacian is iterated in order to be more selective in the smaller horizontal scales not acting directly on the large-scale dynamics. Here, the number of iterations ndiss is fixed to 2, and rdiss is set to 20,000 s what overestimated in the simulations of paper 1. The difference is mainly due to the change of the albedo and emissivity of the polar ice, whereas the introduction of the diurnal cycle (which was tested independently) appears to have a minor effect on the seasonal pressure variations. In the present simulation, the minima and maxima occur approximately at the right seasons. However, a significant discrepancy exists between observations and model, the second pressure maximum being too high in the simulation. The amplitude of the second harmonic is also too large if compared to that of the first harmonic (compare Table 2 for the simulated pressure with Table 1 ) resulting from an insufficient asymmetry between the two hemispheres.
Planetary Mean of the Surface Pressure
The planetary mean of the surface pressure, Patre, is shown in Figure 6 The increased heating by the mean meridional circulation is mainly sensitive near the edge of the cap (50-70N) responsible for a weaker condensation in that region for r = i (lower panel of Figure 22 ) and for the smaller cap extension during the formation phase (Figure 19) . To the contrary, the reduction of the poleward energy transport by transient eddies has a major impact in very high latitudes (70-85N) , where it is responsible for a larger condensation rate in the r = i experiment. As a consequence, the mass of the cap is more concentrated near the pole in the r = I experiment.
Seasonal Pressure Variations
The change in the condensation-sublimation affects directly the mean atmospheric pressure Patm (lower curves in Figure 24 ). For increasing dust opacities, the Viking I pressures (upper curves) are closer to observations, in that the second pressure maximum is more reduced than the first one. This is due in part to the modification of the meteorological component C•VL1 shown in Figure 25 . It must be noticed however, that aVL1 is mainly sensitive to the dust optical depth near northern summer solstice, which is in reality, the period of 
Time-Varying Dust Opacity
We also performed a sensitivity experiment varying the dust opacity as a simple cosine function of solar longitude (r -0.6 + 0.3 cos (Ls -Lso), with Lso = 280), which qualitatively matches the seasonal evolution deduced for the Viking years, except for the period of dust storms [Pollack, 1982; Martin, 1986 ] .
This experiment is compared to the previous experiments for constant optical depths, in terms of the two first harmonics of the pressure simulated at Viking 1 (Table 3) themselves (thin curves) show rapid oscillations. This may be partly explained by the fact that the ice cover is not fractional: either a mesh is completely icy, or it is bare. If, due to a change in the ice parameters, the icing of a mesh occurs later or sooner, it makes a discontinuous change in the sensitivity. We retained smoothed functions (thick curves) for the best fit procedure.
The differences between the response to emissivity and albedo changes mentioned previously appears very clearly in Figure 30 : at the beginning of the cap formation, an increase of the ice emissivity increases the mass of the cap about three times more than an equivalent increase of the ice albedo, whereas albedo and emissivity have an equivalent effect in the late recession period. This is especially important for our present purpose since, by acting independently on the four ice parameters, we act on functions which are strongly uncorrelated, with four maxima rather regularly distributed within a year. The best fit procedure was validated, a posteriori, by performing a new simulation analogous to the control simulation except that the ice parameters and total atmospheric mass were changed to the best fit values of the • = 23 case. The mean quadratic difference between the synthetic (deduced from the best fit algorithm) and simulated seasonal pressure evolutions is 0.035 mbar, which is surprisingly good in view of the simplicity of the best fit procedure. One output of the present study is also the determination of the time evolution of the atmospheric mass from the Viking observations. Figure 34 shows the seasonal evolution of the planetary averaged surface pressure reconstructed from the Viking I pressure observations scaled by the meteorological factor c•VL 1 taken from the high-resolution sensitivity experiment (thick dashed curve) and best fit experiment (thick solid curve). The two thin curves, computed by adding 4-1.5% to the meteorological factor of the best fit simulation, correspond to the maximum uncertainty estimated from the maximum variations of the meteorological factor in all the sensitivity experiments using a constant r -0.2 or a time-varying dust optical depth.
Note also that the agreement of the simulated and observed relative pressure between the two Viking landers can be obtained only for a rather short range of values 
Implications for Spatial Exploration
We have mentioned above how GCM's can be used for the preparation of spacecraft missions, for instance, for the selection of landing sites which would lead to a better constraint of the atmospheric mass cycle and dynamical component.
It also appears clearly from the present study that one priority of the future Martian missions must be the determination of the Martian orography. An accurate knowledge of the orography is of prime importance both (1) for estimation of the energy budget over the caps, and (2) for fully efficient use of local pressure measurements, such as the Viking measurements.
This study underlines more generally the usefulness of using self-consistent models such as GCM's in conjunction with spacecraft observations. This approach could be made much more systematic by using the "data assimilation techniques" developed for the purpose of operational weather forecasting. For that goal, we are currently developing at LMD the adjoint of our Martian GCM, which we intend to use for four-dimensional variational assimilation [e.g., Talagrand 
